Abstract. Rabies is diagnosed postmortem in animals, based on tests prescribed by the World Organization for Animal Health (OIE), such as the fluorescent antibody test, the direct rapid immunohistochemistry test, or pan-lyssavirus PCR assays. Several reverse-transcription real-time PCR (RT-rtPCR) methods have been developed and validated for rapid and accurate detection of lyssaviruses. We evaluated the performance of 6 TaqMan RT-rtPCR kits using different commercial master mixes and 2 real-time thermocyclers. Changing the master mix overall did not influence the TaqMan RT-rtPCR performance, regardless of the thermocycler used. The limits of detection at the 95% confidence level were 18.1-25.8 copies/µL for the Rotor-Gene Q MDx thermocycler and 16.7-21.5 for the Mx3005P thermocycler. Excellent repeatability was demonstrated for rabies virus (RABV) RNA samples of 100, 50, and 25 copies/µL regardless of the thermocycler used. RABV field samples (n = 35) isolated worldwide gave positive results using the most efficient of the 6 kits tested, with a copy number of 6.03 × 10 2 to 6.78 × 10 7 RNA copies per reaction. The TaqMan RT-rtPCR assay provides sensitive and rapid amplification of RABV RNA.
Introduction
Rabies, an acute progressive fatal encephalitis, occurs on all continents apart from Antarctica. The disease is caused by viruses of the Lyssavirus genus (family Rhabdoviridae). The taxonomy of lyssaviruses includes 16 species recognized worldwide, including the prototype species of the Lyssavirus genus, rabies virus (RABV), which displays broad genetic diversity, mainly depending on hosts and geographic origin. RABV is responsible for the vast majority of human and animal rabies cases worldwide. Although rabies can be prevented by rabies pre-exposure vaccination or by post-exposure prophylaxis, tens of thousands of people die each year from rabies (http://who.int/rabies/en/). This estimated annual human incidence is probably underestimated 15 given that this zoonosis is likely under-reported in many regions because of a lack of surveillance and laboratory infrastructure. 10 Diagnosis of rabies is routinely conducted postmortem on brain tissue. The primary tests prescribed in 2018 33 by the World Organization for Animal Health (OIE) are the direct fluorescent antibody test (FAT), the direct rapid immunohistochemistry test (dRIT), or pan-lyssavirus PCR assays. FAT, dRIT, and PCR provide a reliable diagnosis in 98-100% of cases for all lyssavirus strains if an appropriate conjugate or primer-probe is used for the detection of RABV antigen. 33 Molecular methods, such as the conventional or the reverse-transcription real-time PCR (RT-rtPCR) and other amplification techniques, are increasingly used in national reference laboratories (NRLs) for rabies as confirmatory tests or for epidemiologic analysis by typing the isolated rabies strains. RT-rtPCR assays for the detection of RABV have been published using TaqMan, 4, 14, 19, 30, 31 SYBR Green, 12, 28 or a combination of SYBR Green and TaqMan RT-rtPCR. 5, 8 The evolution on virology tools clearly suggests that PCR techniques will in the near future supersede many of the classical direct methods of infectious agent detection, sensitivity and specificity of PCR generally being greater than viral isolation or antigen detection. 18, 22 PCR has been gradually replacing virus isolation or bacterial culture for the detection of agents that are difficult or impossible to culture. 25, 27 The development of various rtPCR methods, nucleic acid extraction robots, and rtPCR platforms has resulted in a large arsenal of high-throughput, robust, and reliable rtPCR assays. With the development of new molecular tools in the past 10 y associated with the increase of available kits, numerous studies have been performed 3, 9, 23, 26 on the evaluation of master mixes and rtPCR assays.
We previously demonstrated the pivotal influence of the master mix and the real-time platform for the detection of lyssavirus RNA by SYBR Green RT-rtPCR. 21 Few comparison studies have been reported comparing the chemistries (TaqMan probes vs. SYBR Green) for detection of infectious agents by RT-rtPCR, particularly for the detection of RABV. 5, 8 We therefore evaluated 6 one-step probe RT-rtPCR kits routinely used in NRLs participating in inter-laboratory tests for rabies in order to identify those that produced the best sensitivity and repeatability for RABV detection. Our analysis of assay performance included analytical sensitivity with the limit of detection at 95%, repeatability, and the costs of kits, for 2 real-time thermocyclers.
Materials and methods

Preparation of in vitro RNA transcript
We selected the fixed RABV challenge virus standard strain (CVS-27, Anses 13-12, GenBank AY245851.1) for our study because this strain, which is commonly used as positive control for rabies diagnosis, belongs to the cosmopolitan RABV lineage found in domestic and wild animals worldwide. The generation of an in vitro RNA transcript was performed as follows: briefly, a conventional RT-PCR was performed on 5 µL of viral RNA with specific pan-lyssavirus primers 13 [JW12 (forward): 5'-ATGTAACACCYCTACAATG, JW6 (reverse): 5'-CARTTVGCRCACATYTTRTG] for the amplification of a fragment of 606-bp of the nucleoprotein (N) gene. PCR products were purified and inserted into a vector (pGEM T easy vector, Promega France, Charbonnières-les-Bains, France) according to the manufacturer's instructions for the production of recombinant plasmids. Plasmids were bi-directionally sequenced (Beckman Coulter Genomics, Takeley, UK) to check the sequence and the sense of the target insert. The plasmids were purified (PerfectPrep EndoFree plasmid maxi kit, 5Prime, VWR, Fontenay-sousBois, France), then concentrated using a step of sodium acetate-ethanol precipitation. Plasmids were linearized with the enzyme PstI and purified by acetate-ethanol precipitation.
In vitro transcription was performed on linearized DNA and T7 RNA polymerase according to the manufacturer's instructions (Ambion MaxiScript SP6/T7 kit, Thermo Fisher Scientific, Illkirch, France). The resulting RNA transcripts were processed using 2 µL of DNase I (2 units/µL) for 15 min at 37°C, followed by a final purification step (RNeasy mini kit, Qiagen, Courtaboeuf, France).
The RNA concentration was determined (Qubit fluorometer, Invitrogen, Illkirch, France). The RNA molecule copy number was calculated following the manufacturer's instructions (MaxiScript SP6/T7 kit, Thermo Fisher Scientific) using the following formula: Y molecules/µL = (X g/µL RNA/[transcript length in nucleotides × 330 g/mol] × 6.022 × 10 23 /mol). The estimated number of copies was 2.32 × 10 11 / µL for the CVS-27 RNA transcript.
Quality control of the synthesized RNA (diluted from 10 6 to 10 1 copies/µL) was checked by SYBR Green RT-rtPCR assay, as described previously. 21 RNA transcripts were diluted in Tris-EDTA buffer and aliquoted in tubes of 5 µL at a concentration of 10 7 copies/µL. All aliquoted RNA transcripts were stored at −80°C to ensure the same storage conditions for the determination of analytical sensitivity.
Primers and probe
We selected the universal pan-lyssavirus primers (JW12: 5'-ATGTAACACCYCTACAATG-3' and N165-146: 5'-GC AGGGTAYTTRTACTCATA-3') and the TaqMan RABV probe (Lys-Gt1: 5'-ACAAGATTGTATTCAAAGTCAATA ATCAG-3') for our study. 31 Two technical questionnaires accompanying the inter-laboratory test, respectively undertaken in 2014 and 2015 by the EU Reference Laboratory for Rabies, demonstrated that 9 of 15 NRLs used pan-lyssavirus primers and 8 of 16 NRLs used the TaqMan Lys-Gt1 probe, confirming the selection of these primers and TaqMan probe. Primers JW12 and N165-146 used in combination with the TaqMan Lys-Gt1 probe were previously designed to specifically detect the classical RABV.
31
Commercial RT-rtPCR kits studied
Based on answers to the technical questionnaires by NRLs participating in the inter-laboratory proficiency tests, 6 commercial one-step RT-rtPCR kits were selected for the study: QuantiTect probe RT-PCR kit, Qiagen; QuantiTect virus RT-PCR kit, Qiagen; SuperScript III Platinum one-step qRT-PCR kit, Invitrogen, Life Technologies; Verso 1-step RT-qPCR probe kit, Thermo Fisher Scientific; AgPath-ID one-step RT-PCR kit, Applied Biosystems; and RNA UltraSense one-step quantitative RT-PCR kit, Invitrogen, Life Technologies.
TaqMan RT-rtPCR assays
RT-rtPCR protocol. RT-rtPCR was performed using a total volume of 25 µL on 2 µL of each RNA dilution and 23 µL of the master mix components from each tested kit. The concentrations of the forward and reverse primers and the LysGt1 probe were optimized for each tested kit. 21 All commercial kits were optimized with regard to the reverse transcription duration according to the manufacturer's instructions ( Table 1 ). The same PCR thermal cycling conditions (Table 1) were applied for the 6 kits tested (i.e., 45 cycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C). Realtime PCRs were performed on 2 real-time thermocyclers: Rotor-Gene Q MDx (RG, Qiagen) and Mx3005P (Agilent Technologies, Les Ulis, France). PCR runs were performed in independent assays on multiple days by one trained laboratory technician. Preparation of PCR master mixes was performed by manual pipetting.
Data collection and analysis. Negative (no template control) and positive controls (10 6 -10 1 copies/µL of CVS-27 RNA) were included in each assay for its validation. A threshold setting of 0.03 was used as the reference threshold for the RG thermocycler, regardless of the kit tested. For the Mx3005P thermocycler, the threshold setting was 0.03 (dRn) for the RNA UltraSense, SuperScript III Platinum, QuantiTect virus, and Ag Path-ID kits, and 500 (dR) for the Verso and QuantiTect probe kits.
PCR efficiency (E) and coefficient of determination (R 2 ) values were calculated by the software Rotor-Gene Q Series and Mx3005Pro. For each tested kit, the standard curve was obtained from 4 dilutions (i.e., 10 6 -10 3 copies/µL) according to the standard NF-U-47-600, which is the linear dynamic range for the 6 tested kits. Efficiency values outside of the given range of 90-110% are of concern and are considered unsatisfactory. R 2 was considered suitable when >0.99. A cutoff value ≥45 was defined for negative results.
Analysis of assay performance
Assay performance was analyzed for each kit tested and for both real-time platforms. The performance analysis included limit of detection at 95% confidence (LOD95%), precision, and repeatability of the different assays.
Analytical sensitivity. All assays were performed in triplicate for the determination of the limit of detection of PCR (LD PCR ), the slope, and the PCR efficiency using 7-fold serial dilutions of CVS-27 RNA (i.e. 10 6 -1 copy/µL) prepared in RNase-free water before use. LOD
95%
, which corresponds to the lowest RNA concentration that could be detected in the sample with a confidence of 95%, was calculated according to the NF-U-47-600-2 standard was assessed by testing 6 dilutions surrounding the estimated level of detection limit of rtPCR that was determined using 6 dilutions of triplicates of CVS-27 RNA (10 6 -10 1 copies/µL). The 6 dilutions (50, 25, 10, 5, 2.5, and 1 copy/µL) were tested in 8 replicates in 3 independent runs by the same highly trained operator under identical laboratory conditions. The LOD 95% was determined using Probit analysis following the recommendations of the NF-U-47-600-2 standard (AFNOR, Animal health analysis methods-PCR-Part 2: requirements and recommendations for the development and the validation of veterinary PCR).
Precision of the RT-rtPCR assays. Precision of the 6 assays was assessed by calculating the coefficient of variation (CV = SD/mean × 100) for the cycle threshold (Ct) values expressed in % and the standard deviation (SD) for 6 dilutions of CVS-27 RNA (10 6 -10 1 copies/µL) tested in triplicate.
Analysis of cross-platform repeatability. Cross-platform repeatability was analyzed on 24 replicate Ct values for 3 weak-positive RNA controls (100, 50, and 25 copies/µL), showing 100% positive results. These 3 RNA controls were selected near the estimated detection limit of rtPCR for all 6 tested kits. The variation of CVs was compared for RNA dilutions of 100, 50, and 25 copies/µL.
The 24 replicate Ct values for the weak-positive sample of 100 copies/µL of RNA were analyzed to assess the variability in test results for all kits tested. The link between the 2 platforms for the 6 kits, and among the 6 kits for the same platform, was analyzed using the Spearman rank-correlation coefficient (r S ) of the mean Ct values. 23 Ct values obtained using the different kits for each platform were compared by ranks using the Kruskal-Wallis test followed by multiple comparison tests (http://www.R-project.org, using "stat" and "pgirmess" for multiple comparisons). The kruskalmc function in the pgirmess package implements Dunn post-hoc rank sum comparison using z-test statistics. 24 For all tests, p ≤ 0.05 was considered statistically significant. The repeatability standard deviation, CV, the lowest and highest values, the mean, the median, and the various statistical tests used were computed (R software v.2.8.1, http://www.R-project.org).
Determination of diagnostic sensitivity
Viral samples were obtained from the collection of lyssavirus, representative of the RABV species, maintained by ANSES's Nancy Laboratory for Rabies and Wildlife (Malzéville, France). The RABV field strains originated from South America, Africa, Asia, and Europe (Table 2) . Brains were collected from naturally infected animals and brain homogenates from field strains after mouse inoculation testing. All samples analyzed were tested previously for the presence of lyssavirus antigen by FAT. 6 Thirty-five animal brain samples (17 wild and 18 domestic animals) that had tested negative for lyssavirus antigen by FAT were included in the determination of diagnostic sensitivity (Table 3) . 
Classification of the 6 tested kits regarding technical and financial criteria
The kits were ranked from 1 to 6 in increasing order based on technical (i.e. LOD
95%
) and financial (costs of kits) criteria. The rank was determined by attributing a mixing ratio of 70% for LOD 95% results (i.e. 35% for RG and 35% for Mx3005P), 20% for the costs of kits, and 10% for the run duration. The kit with the highest number of points was considered the best kit.
Results
Comparison of assay performance
All kits tested using thermocyclers RG and Mx3005P showed satisfactory efficiency of 93% and 102%, respectively, as well as a satisfactory coefficient of regression R 2 (>0.99). No significant differences were shown between the 2 platforms. 
Limit of detection at
Precision of the RT-rtPCR assays.
Regardless of the thermocycler used, all kits tested exhibited satisfactory repeatability, with a Ct CV <10% in the linearity range of rtPCR (6.3 Log-2.3 Log of copies/µL of RNA). CVs increased in the highest dilution tested (1.3 Log copies/µL) for all kits tested regardless of the machine used, with 0.97% (AgPath-ID) to 5.61% (SuperScript III Platinum probe) for RG, and 0.04% (RNA UltraSense) to 4.09% (Verso probe) for Mx3005P (Fig. 1) .
Assay repeatability. The mean Ct values for the RNA control of 100 copies/µL were 33.0 (AgPath-ID) and 34.4 (QuantiTect virus) for Mx3005P, and 32.3 (AgPath-ID) to 34.9 (Verso probe) for RG. The SD ranged from 0.31 (RNA Ultrasense) to 0.70 (QuantiTect virus) for RG, and from 0.30 (QuantiTect virus) to 0.52 (SuperScript III Platinum and AgPath-ID) for Mx3005P (Table 3) . SDs for the RNA UltraSense kit were 0.31 for RG and 0.50 for Mx3005P, and for the Verso probe kit were 0.46 for RG and 0.39 for Mx3005P.
Overall, assay repeatability was satisfactory for the 3 tested low-positive RNA controls of 100, 50, and 25 copies/ µL (Table 5) . For the 6 kits tested, the inter-assay CVs were Ct = cycle threshold; ND = no data. The diagnostic sensitivity was performed with the most efficient of the 6 kits tested.
<10%, demonstrating good reproducibility for all tested kits. 20 For the positive RNA control of 100 copies/µL, CVs were 0.86% (i.e., QuantiTect) and 1.58% (i.e., AgPath-ID) for Mx3005P, and 0.93% (i.e., RNA UltraSense) and 2.13% (i.e., QuantiTect) for RG ( Table 5) . Regardless of the thermocycler or the kit used, all tested assays performed with the RNA concentration of 50 copies/µL exhibited satisfactory repeatability with CVs <10% (1.21-2.75% for RG and 1.16-2.20% for Mx3005P). CVs for the lowest RNA concentration tested (i.e., 25 copies/µL) were 1.14-3.09% for RG and 1.03-3.67% for Mx3005P.
Regardless of the machine or the kit used, the different assays exhibited overall excellent repeatability results for the RNA concentration of 100 copies/µL based on CVs, r S values, and p value ( Table 6 (Table 6 ).
Classification of the kits by cost and performance
Of the 6 kits tested, AgPath-ID was the least expensive, followed by QuantiTect probe, QuantiTect virus, RNA UltraSense, Verso probe, and SuperScript III Platinum probe, which was the most expensive of the 6 kits tested. Ct = cycle threshold; FAT = fluorescent antibody test; SD = standard deviation. The diagnostic sensitivity was performed with the most efficient of the 6 kits tested. Table 4 . Cross-platform comparison of the 6 RT-rtPCR assays for 7 dilutions of CVS-27 RNA ranging from 2. = SD/mean Ct × 100. CV was not calculated when some of the parallels failed to amplify. LOD 95% = limit of detection at 95% confidence; SSIII = SuperScript III. PCR comparisons were performed in triplicate with pan-lyssavirus primers and Lys-Gt1 probe using Rotor-Gene Q MDx and Mx3005P thermocyclers.
* Data is presented as number of positives/total number of experiments.
When the 6 kits were ranked based on technical (performance and run duration) and financial (cost per PCR reaction) criteria, RNA Ultra Sense (LOD 95% of 18.1 and 16.7) was ranked 1, followed by AgPath-ID, QuantiTect virus, QuantiTect probe, SuperScript III Platinum probe, and Verso probe (Table 7) .
Diagnostic sensitivity
The RNA UltraSense kit, which was the most efficient of the 6 kits tested, was selected for the determination of diagnostic sensitivity. Of 35 samples tested, representative of Europe (n = 20), America (n = 3), Asia (n = 2), and Africa (n = 10), the 4 genetic lineages of RABV tested gave positive results. The mean Ct value was 22.4 (SD ± 0.39), with maximum and minimum Ct values of 14.7 and 32.9. Copy numbers were 6.03 × 10 2 to 6.78 × 10 7 RNA copies/µL ( Table 2 ). All negative samples shown negative by FAT (n = 35) tested negative with the RNA UltraSense kit (Table 3) .
Discussion
We evaluated the efficiency and repeatability of 6 commercial probe kits used, to date, in NRLs for the detection of lyssavirus RNA by TaqMan RT-rtPCR. In contrast to our previous evaluation of SYBR Green RT-rtPCR kits that showed variability of the SYBR Green master mix in rtPCR performance and the pivotal influence of the thermocycler, 21 all TaqMan kits tested in our current study showed very satisfactory sensitivity and repeatability within and between thermocyclers. The analytical sensitivity of 18.1-25.8 copies/µL for RotorGene Q MDx and 16.7-21.5 copies/µL for Mx3005P were acceptable. These results are comparable to the limit of detection of the LN34 pan-lyssavirus real-time RT-PCR assay published in 2018 11 estimated as 8 RNA copies (95% confidence interval: 0-18 copies). The CVs used to evaluate the reliability of thermocyclers were acceptable. CVs were <5% for all assays, and the coefficient of correlation was >0.998 for all tested kits within and between platforms. The same low variations were also reported 8 in the evaluation of the pan-Lyssa RT-rtPCR assays showing the good reliability of the TaqMan RT-PCR for the detection of lyssavirus RNA.
We showed that the thermocycler used did not influence the TaqMan RT-rtPCR performance, in contrast to previous studies 3, 16, 17 that indicated significant variability in the analytical sensitivity and robustness of PCR among different types of thermocyclers. The majority of studies undertaken for testing the robustness and the analytical sensitivity of rtPCR were based on the comparison of thermocyclers equipped with Peltier-based heating and cooling systems. 3, 16, 17 The 2 thermocyclers selected in our present study, RG and Mx3005P, showed different throughput capacities. Few studies were performed with RG, which differs from Mx3005P on thermal engine (heating block technology based on the Peltier effect vs. heat exchange technology, which permits more rapid thermal ramp rates than blocks). The performance characteristics of 3 TaqMan assays were shown to be different for the detection of Borrelia 17 on 3 thermocyclers, and appeared to perform best on the RG thermocycler.
Comparison of kits using RG and Mx3005P showed equivalent LOD 95% results, demonstrating that the change of instrument and/or platform and the TaqMan kits constituted a minor change for a detection assay, according to the OIE validation guideline. 32 We tested a panel of 35 field animal samples representative of a broad range of RABV field samples with the most efficient kit, RNA UltraSense. Ct values ranged from 14.7 for positive samples (high RNA level) and 32.9 for weak-positive samples (low RNA level), with an average of 22.4 ± 0.4 (7.19 × 10 6 RNA copies/µL). Such results are consistent with previous studies showing a diagnostic sensitivity >99% with the same method (one-step technique). 5, 8, 30, 31 The high diagnostic sensitivity coupled to the high analytical sensitivity of the TaqMan RT-rtPCR (100%) confirmed the robustness of the method tested with the pan-lyssavirus primers.
We previously showed that the LOD 95% varied 15-981 copies/µL for SYBR Green RT-rtPCR following optimization of the detection method. 21 The cross-platform evaluation of TaqMan RT-rtPCR kits in our present study showed comparable analytical sensitivity results. We demonstrated that the LOD 95% was <26 copies/µL using thermocyclers RG and Mx3005P. These results are consistent with other studies demonstrating that the performance of SYBR Green rtPCR can be comparable to the TaqMan performance after optimization of the SYBR Green rtPCR. 1, 29 The advantages of molecular testing for viral diagnosis are widely recognized. 7 Our study demonstrates that PCR assays are reliable and sensitive tools for the detection of lyssavirus RNA within suspect specimens with the advantage that they do not require the presence of live virus. 33 The TaqMan RT-rtPCR assay tested in our ongoing study represents a useful method for the sensitive and rapid amplification of RABV RNA. To date, the most widely used test in NRL for RABV detection is the FAT, as both specificity and sensitivity approach 100%. 2 With the advent of PCR methods that are increasingly used for the detection of pathogens, and the data accumulated showing the combined sensitivity and robustness of the TaqMan assay, the new gold standard in RABV detection could become, in the short-to-medium term, the RT-rtPCR. RG = Rotor-Gene Q MDx; Mx = Mx3005P. The cost per reaction was calculated by dividing the cost for each commercial kit by the total number of PCR reactions that could be performed with each kit, based on the negotiated price of 2016. The final rank was determined by attributing a score of 70% for limit of detection at 95% confidence (LOD 95% ) results (i.e. 35% for RG and 35% for Mx3005P), 20% for the costs of the kits, and 10% for the run duration.
